Colloidal suspensions of semiconductor InP@ZnS nanoparticles were prepared using single-step procedure without precursor injection. Thermal properties of toluene containing InP@ZnS semiconductor with different sizes (3.1, 4.2, and 4.6 nm) were measured by mode mismatched dualbeam thermal lens technique. This was done in order to measure the effect of the presence of semiconductor nanoparticles and size on the nanofluids thermal diffusivity. The characteristic time constant of the transient thermal lens was estimated by fitting the experimental data to the theoretical expression for transient thermal lens. The thermal diffusivity of the nanofluids (toluene, containing InP@ZnS semiconductor nanoparticles) it seems to be strongly dependent on the presence of semiconductor nanoparticles and particles size. For the case of nanofluids consisting of InP@ZnS nanoparticles dispersed in toluene, it was observed a decrease in the thermal diffusivity. Such behavior differs from other nanofluids, in the sense that they had shown positive thermal diffusivity enhancement. The minimum diffusivity was achieved for the nanoparticles with lowest size. Plausible explanation for such nanofluids low thermal diffusivity with semiconductor nanoparticles is given. UV-Vis spectroscopy, TEM and high-resolution electron microscopy (HRTEM), and energy dispersive spectroscopy (EDS) techniques were used to characterize the InP@ZnS nanoparticles.
INTRODUCTION
After their thermal properties variations were reported at the end of last century [1] , nanofluids are new compound liquids that had obtained much interest. Small amount (<1% volumetric fraction) of nanoparticles has significantly increased thermal conductivity of liquids such as water, ethylene glycol, and oil when they are dispersed in these liquids. Although research studies on the thermal transport properties of nanofluids have been extensively performed [2] [3] [4] [5] , these have been limited to study of the enhanced thermal conductivity of nanofluids containing different types of nanoparticles such as oxides, pure metallic and carbon nanotubes using different techniques [6] [7] [8] [9] [10] [11] . Thermal diffusivity is key for evaluating their thermal performance under flow conditions and in convective heat transfer-based applications, and despite this very few efforts have been made to determine it. In recent years, we have seen an increasing interest in the measurement and modeling of the thermal diffusivity properties in fluid suspensions of nanometer-sized metallic particles [12] [13] [14] [15] . However, semiconductor nanoparticles [16] are expected to significantly modify nanofluids thermal transport behavior due the ability to tailoring their structure and nanometer size. The interesting physic and chemical properties of semiconductor nanoparticles result from their structure and nanometer size [17, 18] .
Nanofluids containing semiconductor nanoparticles are important candidates for applications such as DNA tagging or aqueous monitoring for biological and chemical changes in a given environment, targeted thermal agents in medical therapies with extended precision of thermal effects below cellular dimensions [19, 20] . Provide the opportunity to study the influence of semiconductor nanoparticles (with sizes of the same order as the phonon mean free path) on the thermal diffusivity (D) of liquids. A dramatic decrease in the thermal conductivity of semiconductor nanoparticles as the particle size becomes of the same order as the phonon mean free path, has been very recently observed [21, 22] . Also, to our knowledge, there is no study on the thermal diffusivity of nanofluids containing InP@ZnS semiconductor nanoparticles.
In this article, effect of the presence of semiconductor nanoparticle and size of InP covered with ZnS shell on the thermal diffusivity of nanofluids was studied. Thermal diffusivity measurements are carried out in toluene containing core-InP/shell-ZnS nanoparticles using the Thermal Lens Spectroscopy (TLS) [23] . This technique provides reliable photothermal alternative for measuring thermal diffusivities of semiconductor materials with high sensitivity. We used the mode mismatched dualbeam thermal lens technique to measure the thermal diffusivity of nanofluids.
EXPERIMENTAL DETAILS

Sample Preparation
Using single-step procedure without precursor injection [24] colloidal dispersion of InP@ZnS nanocrystals was synthesized and then stored in glovebox. Firstly the precursor of indium (indium myristate, In(MA)) was prepared, 0.1 mmol of indium acetate (InAc 3 ) were mixed under inert atmosphere with 0.3 mmol of myristic acid and 5.0 g of 1-octadecene (ODE) in a 50 mL threeneck flask equipped with condenser. The mixture was heated at 100˚C during 1 h under vacuum to obtain an optically clear solution, backfilled with Ar gas, and cooled down at room temperature.
In another 50 mL three-neck flask equipped with condenser, 0.2 mmol of zinc stearate, 0.2 mmol of dodecanethiol (DDT), 0.2 mmol of tris (trimethylsilyl) phosphine (P(TMS) 3 ) , 10 mL of ODE and different contents of In (MA) (0.1, 0.2, 0.3, 0.4 mmol, sample S1, S2, S3 and S4, respectively) were stirred under inert atmosphere. The mixture was then heated at 200˚C of temperature for 1 h and the temperature was then decreased at room temperature. The colloidal dispersions thus prepared are stable, with 3.1 -4.6 nm in average diameter. The nanocrystals were repeatedly purified with chloroform/ methanol/ acetone (1:1:10 vol:vol:vol) followed by centrifugation, to remove the starting materials and side products.
In order to obtain nanofluids containing InP@ZnS nanoparticles, the colloidal dispersion were subsequently dried in vacuum and the semiconductor nanoparticles were dissolved pre-weighed quantities in toluene maintaining the same concentrations (2.5% w/w) and were placed in a quartz cuvette of 1 cm thick for the optical and thermal measurement. All the experiments were performed at room temperature and were subjected to ultrasonic processing prior to each measurement.
Characterization
Room-temperature optical absorption spectra of the colloidal samples were recorded using a 10 mm path length quartz cuvette in an UV-Vis-NIR scanning spectrophotometer (Shimadzu UV 3101PC double beam). For electron microscopy analysis, two microscopes, Jeol JEM200 and Tecnai 200 TEM, were used for the lowmagnification and high-resolution observations of the samples, respectively. High-resolution electron microscope (HRTEM) images were digitally processed by using filters in the Fourier space. For transmission electron microscopy (TEM) observations, a drop of colloidal solution was spread on formvar carbon deposited on copper microgrid and dried in vacuum. For composition analysis, energy dispersive spectroscopy (EDS) of the samples performed using a Jeol JSM6390 scanning electron with NORAN analytical system attached.
Theory of Thermal Lens
The TL effect of such nanofluids was based on their laser-induced heating and time resolved monitoring on the thermal effects. The schematic diagram of the TL experimental setup is shown in Ref. [25] . The TL effect is caused by the deposition of heat via non-radiative decay processes after the laser beam, with Gaussian profile, has been absorbed by the sample. In this situation a transverse temperature profile, ΔT(r, t), is established. The temporal evolution ΔT(r, t) is scaled according to characteristic time constant:
where ω e is the excitation laser beam radius at the sample and D is the thermal diffusivity. Owing to ΔT(r, t), a temperature coefficient of the optical path length change,
, is generated, creating a lens-like optical element: the so-called TL effect. The propagation of a probe laser beam through this TL results in a variation of its on-axis intensity, I(t), which can be calculated using diffraction integral theory. In transient regime, an analytical expression can be obtained for the probe beam intensity, I(t) [26] :
where: 
RESULTS AND DISCUSSION
To characterize the particles, TEM, and HRTEM, EDS were used along with optical absorption spectroscopy to study the size, size distribution, composition, and fine structure of semiconductor InP@ZnS colloids formed at different contents of In (MA).
The effects of In (MA) content in the semiconductor InP@ZnS colloidal nanoparticles can be clearly observed in Figure 1 , which shows transmission electron micrographs with their corresponding size distribution histograms for each of the samples. From this figure, we can observe that the particle shape was nearly spherical with sizes in the nanometer scale. The size distributions followed a Gaussian fit with narrow size distributions. Appearance of no particles in the case of S1 sample (not submitted) indicates the formation of neither type of nanoparticles. Absence of bimodal distribution in the size distribution histograms suggests that the nanoparticles obtained at different contents of In (MA) correspond to a formation of nanoparticles containing InP-ZnS and not to physical mixture of nanoparticles of InP and ZnS. The average particle size increased with the increase of the molar concentration of In (MA) in semiconductor nanoparticles. So, the content of In (MA) could control the formation and size of the semiconductor nanoparticles.
For closer observation on the crystallinity, and fine structure of the semiconductor nanoparticles, HRTEM images of three samples were recorded. From the HRTEM images shown in Figure 2 , we can observe the formation of well-defined crystalline nanoparticles for three samples. Interplanar spacing calculated for both samples corresponds well with the interplanar spacing of the corresponding indium phosphide structures of the zinc- blende phase. We tried to analyze each discrete particle in order to observe the possible presence of ZnS shell; however, it was not possible to confirm the presence of ZnS on the surfaces of InP from their HRTEM images, which possibly means that the shell is too thin to detect.
To confirm the presence of the ZnS, EDS analysis on the particles was carried out inside the transmission electron microscope for three sets of samples: S2, S3 and S4. We could not detect any particles of monocomponent nature of InP or ZnS in them. Though the composition of individual particles varied from particle to particle for a given sample, the presence of In, P, Zn and S always was confirmed.
The global composition of the samples was also monitored through EDS spectroscopy in a scanning electron microscope. In Figure 3 , EDS spectra of the sample S3 
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is presented. The presence of Zn and S was clearly confirmed. Along with the In, P, Zn and S emission peaks, there appeared carbon, oxygen and copper emissions in the EDS spectra of the samples. While the origin of the carbon, oxygen, and copper emissions is related to the formvar carbon film on the grid surface and copper microgrid, the atomic ratio of In:P and Zn:S was calculated to be more or less 1:1. Similar results were obtained for samples S2 and S4. Formation of semiconductor nanoparticles was also confirmed from the UV-Vis absorption spectra of the samples. Nanoparticles such as InP in the nanoscale strongly absorb light when the excitation energy is greater than the bandgap energy. During this process, electrons are promoted from the valence to the conduction band.
Measurements of UV-Vis spectra reveal a large number of energy states in the semiconductor nanoparticles [27] . The lowest excited energy state is shown by the first observable peak in the absorption spectrum, known as the quantum-confinement peak. The energy of the quantum-confinement peak depends on the size, shape and structure core@shell [28] . Figure 4 shows the absorption spectra of colloidal solutions containing InP@ZnS particles obtained at different contents of In (MA). We show the absorption spectra for samples S2, S3 and S4, all spectra were recorded at room temperature. From the figure, we can observe that an absorption shoulder appears at 496, 508 and 516 nm for samples S2, S3 and S4 respectively. These absorption results show that as In (MA) content increases, there is a shift to lower energies of the bandgap energy corresponding to transitions between the heavy-hole ground state in the valence band to the electron ground state in the conduction band due to the quantum confinement effect. This bandgap red shift confirm that the particle semiconductor size increased with the increase of In (MA) contents in the synthesis. These results are consistent with those obtained by TEM.
The time evolution of TL signal for the fluids containing semiconductor nanoparticles is shown in Figure 5 , where the symbols represent the experimental data points (o) and the solid lines correspond to their best fits to Eq.1 leaving  and t c as adjustable parameters. Using -1 [29] ), so that the thermal diffusivity enhancement in semiconductor nanofluids is negative.
The minimum thermal diffusivity was obtained for the fluid containing semiconductor nanoparticles with lowest sizes. Although this interesting thermal behavior of nanofluids containing semiconductor nanoparticles has not been explored yet, below we propose a probable explaation to interpret such behavior. n Copyright © 2012 SciRes.
Although this interesting thermal behavior of nanofluids containing semiconductor nanoparticles has not been explored yet, we propose a possible explanation to interpret such behavior.
There are recent studies about phonon transport in semiconductor nanostructures, more specifically analysis of semiconductor crystalline solids confined in the nanometer range in one, two or three dimensions. They report properties for heat transport of solid particles are of several orders of magnitude smaller than the corresponding bulk value [21, 22, 30] . For instance, for very thin silicon films and other nanostructures, the thermal conductivity models have shown that phonon confinement effects could affect thermal conduction by altering phonon spectra of the materials [31] . Theoretical studies [32] have suggested that in the extent Si nanowire diameter becomes smaller than 20 nm, the phonon dispersion relation could be more easily modified thanks to phonon confinement. In this case, phonon group velocities would be significantly lower than bulk value. Experimental reports [33] have shown that thermal conductivity of silicon wires of nanometer diameter is two orders of magnitude smaller than the bulk value and has strong diameter dependence. This suggests that ZnS or InP semiconductor particles confined in nanometric scale would also show thermal conductivity (thermal diffusivity) that is significantly lower than that of corresponding bulk value. This is why we make an assumption that when semiconductor particles of InP, ZnS or with structure InP@ZnS confined at nanometer scale being dispersed in liquid bases such as toluene with higher thermal diffusivity, the effective thermal diffusivity of formed nanofluid can be significantly decreased. Experimental evidence of negative heat transport enhancement in nanofluids consisting of 2 nm titania semiconductor as nanoparticles dispersed in 50% (w/w) water + ethylene glycol [34] support this hypothesis. Thus, while metallic and non-metallic nanoparticles play an important role in positive increment of thermal diffusivity for liquid bases, the InP, ZnS or InP@ZnS semiconductor nanoparticles confined at nanometric scale should contribute to decrease the thermal diffusivity. A possible mechanism of heat transport for such semiconductor nanofluids is described in Ref. [34] . This mechanism is related to the nature of heat transport in nanoparticles.
Besides nanoparticle type (metallic, non-metallic or semiconductor) and size, the structure type formed by InP@ZnS two different semiconductor nanostructures can play an important role on liquid's thermal properties. Though we could not define accurately why thermal diffusivity of semiconductor nanofluids has negative increment, the D value of the nanofluids containing semiconductor nanoparticles InP@ZnS, certainly demonstrates the effect of the presence of semiconductor nanoparticles and the size on the reduction of D in the semiconductor nanofluid.
CONCLUSION
InP@ZnS semiconductor nanoparticles of different sizes were obtained by using single-step procedure without precursor injection. Formation of nanocrystals with average 3.1, 4.2, and 4.6 nm in core-InP/shell-ZnS form was verified through TEM and HRTEM analysis. Optical absorption spectra along with EDS spectra revealed the formation and composition in the nanoparticles. The thermal diffusivity of toluene remarkably decreases due to the presence of InP@ZnS nanoparticles. Smaller thermal diffusivities were obtained for nanofluids containing smaller semiconducting nanoparticles. The decrease of thermal diffusivity of semiconducting nanofluids is probably consequence of negative increase of thermal diffusivity of semiconducting InP@ZnS type nanoparticles.
